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ASSOCIATION 
1. Introduction 
Reversible association of bacterial ribosomes is 
thought necessary for synthesis of protein, and there- 
fore must be considered a reaction of unusual biolog- 
ical importance. Such reactions were first discovered 
to be dependent upon the concentration of Mg2+ [ 11, 
but more recently initiation factors, in conjunction 
with mRNA and other molecular species, have been 
shown to dissociate ribosomes, or to associate ri- 
bosomal subunits [2]. However, in neither instance 
have the kinetics of ribosomal association been stud- 
ied, for the methods of analysis were exceedingly 
slow in comparison with the rates of reaction between 
the ribosomal forms themselves. Toward study of the 
nature of reversible association of ribosomes in gener- 
al, and the function of the initiation factors, in par- 
ticular, we have first investigated, by light scattering 
stopped-flow techniques, the kinetics of the Mg2+- 
dependent association of ribosomal subunits from 
E. coli, and have found this reaction to occur at two 
distinct rates. Concentrations of Mg2+ at or above 3.5 
mM did not appear to influence either rate, but an in- 
crease in the concentration of Mg2+ produced a com- 
mensurate increase in the number of ribosomes par- 
ticipating in the more rapid reaction. Thus not only 
have the kinetics of subunit association been ana- 
lyzed, but the analysis has confirmed the existence of 
a Mg2+-dependent equilibrium recently observed by 
use of light scattering [3]. 
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2. Materials and methods 
E. coli MRE 600-ribosomes were prepared by con- 
ventional techniques, including washing with 1 .O M 
NH,Cl, and activation for 15 min in a buffer con- 
taining 10 mM Mg2+ ,.50 mM NH,Cl, 10 mM Tris- 
HCl at pH 7.5, and 6.6 mM mercaptoethanol. Under 
appropriate conditions, the ribosomes used in these 
experiments could bind 0.8 mole F-met tRNA/ 1 .O 
mole of ribosome, and exhibited complete and revers- 
ible association by static-light scattering analysis. 
Such analysis of ribosome weight-average molecular 
weights was carried out on a FICA 50 light scattering 
apparatus at a wavelength of 436 nm. The kinetics of 
association of ribosomal subunits were performed on 
a Durrum stopped-flow D 110 model, using the ap- 
parent absorbance in the 2 cm cell at 3 10 nm, in a 
manner similar to measurement of turbidity. The 
wavelength of 3 10 nm was chosen to provide substan- 
tially maximal turbidity relative to absorbance. All 
experiments were performed at 25°C. 
3. Results 
Fig. 1 presents a photograph of an oscilloscope re- 
cording of changes in the turbidity of scattered light 
upon stopped-flow mixture of 30 S and 50 S ri- 
bosomal subunits in 1 mM Mg2+ with a buffer con- 
taining 15 mM Mg 2+ The final concentration of ri- .
bosomes in the mixture was 10A260 units, and the 
final concentration of Mg2+ was 8 mM. Turbidity in 
terms of units of absorbance is depicted on the ordi- 
nate, while time scales of 200 ms/cm and 5 set/cm 
North-Holland Publishing Company - Amsterdam 
Volume 37, number I FEBS LETTERS November 
are depicted upon the abscissa. Two separate, consec- 
utive experiments are shown to illustrate the kinetics 
of association. Thus a rapid initial reaction, identified 
by the lower curve, occurred upon mixing, followed 
by a slower reaction, the final level of which is repre- 
sented by the upper line recorded more than a minute 
later. The second experiment, shown by the interme- 
diate curve, is related to the 5 set/cm time scale, and 
continuously depicts the entire association process. 
The reactions shown in this recording suggest hat the 
ribosomes associated at two considerably different 
rates, with the greater portion of the ribosomes par- 
ticipating in the more rapid reaction. 
Fig. 2A illustrates the association of ribosomal 
subunits when mixed with a solution containing 30 
mM Mg2+, while fig. 2B illustrates the dissociating ef- 
fect of a buffered solution containing 0.1 M EDTA 
upon 70 S ribosomes in a solution containing 30 mM 
Mg2+. The magnitude of the changes is similar al- 
though association occurred considerably more rapid- 
ly than did dissociation. The latter process occurred 
at a single rate in the presence of EDTA, although 
simple dilution of ribosomes into solutions of lower 
Mg2+ concentration indicated that dissociation could 
also occur at two rates. 
The relation between subunit association observed 
by turbidimetric analysis and conventional light scat- 
seconds 
Fig. 1. Kinetics of ribosomal subunit association. Stopped-- 
flow oscilloscope recording where ribosome solution in 1 mM 
Mg2+(syringe I) was mixed with a 15 mM Mg2+ buffered so- 
lution (syringe II). The final Mg2+ concentration was 8 mM. 
Time scale on abscissa: 0.2 and 5 set/division. Absorbance at 
3 10 nm on ordinate: O.OOZ/division i a 2 cm cell. 
tering is depicted in fig. 3. Demonstration of such re- 
lation was necessary because i) the stopped flow tech- 
nique has not been used previously with ribosomes; 
ii) the maximal value attained for turbidimetrically- 
measured stopped-flow association of ribosomes was 
less than the theoretical maximum; iii) the change in 
turbidity related to subunit association is denoted on 
the ordinate, while the weight-average molecular 
weight is denoted on the abscissa. Values obtained by 
both types of measurements for the equilibrium con- 
centration of 70 S ribosomes at selected concentra- 
tions of Mg2+ were plotted one against the other, on 
the respective axes, and their intercepts yielded the 
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Fig. 3. Demonstration of a linear relation between stopped- 
flow increase in turbidity and static weight-average molecu- 
lar weights of ribosomes as a function of the concentration of 
Mg%. The following Mg’+ concentrations were employed to 
obtain both kinetic and static measurements: 1.5, 3.5, 4.5, 
5.5, 8.0, 15.5 mM. Ribosome concentrations were 5.2 and 
7.0 A 260 units. 
linear relation shown in fig. 3. Such a linear relation 
demonstrates the validity of the results obtained by 
stopped-flow measurements, and it can reasonably 
be inferred that the relatively smaller increase observ- 
ed upon subunit association when measured by 
stopped-flow in comparison with static light scat- 
tering was due to the true absorbance of ribosome 
chromophores at 3 10 nm. 
Fig. 4 presents a graphical, semi-logarithmic repre- 
sentation and analysis of the association reaction 
shown in fig. 1. This typical reaction curve could be 
separated into two first order reactions with half- 
times of approximately 0.25 and 15 set, respectively. 
Fig. 5 depicts the influence of Mg2+ upon the extent 
of association of different concentrations of subunits. 
Increase in turbidity is shown on the ordinate, while 
the abscissa depicts the concentrations of Mg2+. Solu- 
tions of subunits of 5, 10, and 20 Az6u units were 
mixed by stopped-flow with buffered solutions of 
Mg2+ to yield solutions of the indicated Mg*+ con - 
centrations. The increases in turbidity were roughly 
proportional to the relative concentration of ribo- 
somes, while the extent of increase was dependent 
upon the concentration of MgZ+. More than 70% of 
the entire association occurred between 1.0 mM and 
10.0 mM Mg2+. 
5 
time (seconds) 
Fig. 4. Semi-logarithmic plot and analysis of the changes in turbidity associated with the rate of formation of 70 S ribosomes. Ex- 
perimental conditions of fig. 1. 
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Fig. 5. The formation of 70 S ribosomes as a function of the 
concentrations of Mg2+ and of ribosomal subunits. (Final con- 
centration: 2.5,s and 10 A260 units). 
Table 1 presents an analysis and comparison be- 
tween the two rates of subunit association as a func- 
tion of the concentration of Mg2+. A major increase 
was observed in the quantity of subunits associating 
by the faster rate, and this increase was responsible 
for the overall Mg2+-dependent association of ribo- 
somal subunits. Little variation, or perhaps a diminu- 
tion, was observed in the quantity of subunits partic- 
ipating in the slower process, although at 3.5 mM 
Mg2+ more than one half of the subunits appeared to 
associate by this process. The rate constants for both 
processes were not influenced by variation in the 
concentration of Mg2+ at 3.5 mM or higher. 
4. Discussion 
Although Mg2+-dependent formation of 70 S ri- 
bosomes was discovered in 1959 [l], the present 
communication is the first to describe the kinetics 
Table 1 
Amplitudes and time constants of the two phases of the ribo- 
somal subunit association induced by graded increases in the 
concentration of Mg2+. 
Final con- 1 st Phase 2nd Phase Total 
centration h/71 AAl UT2 AA2 amplitude 
of Mg2+ (set-‘) (X103) (see+) (X 103) &I* 
(mM1 (X 103) 
3.5 3.2 3.1 0.07 4.6 7.7 
5 2.3 5.1 _ - - 
6.5 2.8 5.8 _ - - 
8 3.1 7.0 0.04 2.2 9.2 
15.5 2.7 9.1 - - - 
30.5 2.5 11.3 0.12 2.4 13.7 
The final ribosome concentration was 10 A260 units. 
*aA is the absorbance at 310 nm in a 2 cm cell. 
of the reaction. Association of the 30 S and 50 S 
subunits to form a 70 S ribosome occurred by a pro- 
cess separable into two first order reactions, the rates 
of which were apparently independent of the tested 
concentrations of Mg2+. The extent of association by 
the more rapid process was Mg2+ dependent, however, 
and an increase in the concentration of Mg2+ from 1 
mM to 10 mM resulted in rapid formation of more 
than 7% of all 70 S ribosomes. 
The occurrence of two reaction rates suggests two 
different processes or reactions, or two ribosomal 
forms. It also brings to mind the existence of unitary 
and fractional ribosomal proteins [4] . Additionally, 
however, there exists the possibility of partial de- 
struction of subunits through the hydrodynamic 
pressure inherent in the stopped-flow technique, 
although weight-average molecular weight deter- 
minations carried out by static light scattering pro- 
cedures also suggested association to occur at two 
rates. 
The significance of these experiments lies not 
only in the kinetic observations, but also in the prop- 
erty of the stopped-flow technique to measure 
subunit association directly. Thus the function of 
ribosomal proteins may be further characterized, and 
the influence of structural and conformational 
changes induced by mutations, and by a variety of 
ribosomotropic molecules, may be directly deter- 
mined with respect to b&h the rate and the extent 
of association. 
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